BACKGROUND/OBJECTIVES: A potential risk factor for cardiometabolic diseases is irregular or inconsistent eating, however, research on this topic is scarce. We aimed to study associations between irregular consumption of energy intake in meals and cardiometabolic risk factors. SUBJECT AND METHODS: Dietary intake data were derived from 5-day estimated diet diaries of 1768 participants of the National Survey of Health and Development. Energy intakes during predefined meals (breakfast, lunch, dinner, between meals) and daily totals were analyzed using a score for irregularity based on the deviation from the 5-day mean energy intake. Logistic regression models were used to calculate odds ratios (ORs) and 95% confidence intervals (CIs) for having the metabolic syndrome or one of its components. Models were adjusted for sex, physical activity, socioeconomic status, marital status and smoking. RESULTS: Irregularity scores of energy intake ranged from 0-160 and were highest for between meals. An increased risk of the metabolic syndrome was associated with more irregular energy intake during breakfast (OR = 1.34 (0.99, 1.81); P trend = 0.04) and between meals (OR = 1.36 (1.01, 1.85); P trend = 0.04). Moreover, increased waist circumference was associated with irregular energy intake during breakfast (OR = 1.90 (1.47, 2.45); P trend o0.01), evening meal (OR = 1.36 (1.06, 1.75); P trend = 0.02) and daily total (OR = 1.34 (1.04, 1.72); P trend = 0.01). No significant associations were found for the other components of the metabolic syndrome. CONCLUSIONS: Individuals with a more irregular intake of energy, especially during breakfast and between meals, appeared to have an increased cardiometabolic risk.
INTRODUCTION
An eating behaviour that has emerged recently as a potential risk factor for chronic disease risk is irregular or inconsistent eating. 1 The ready availability of food, particularly prepared food, along with the move from family meals at set times, has led to more irregular eating than in the past. 2, 3 Food intake is determined and affected by many factors, one of which is time of day or chronobiology. Chronobiology refers to time-dependent variations in biological functions 4 and includes three components of time: (i) clock time (time of day); (ii) frequency (for example, events per time span); and (iii) regularity, events at specific times. This research focusses on the third aspect of time: on regularity, or more specifically the disruption of regularity: irregularity. Surprisingly, only a few observational studies have investigated the association between meal irregularity and body mass index (BMI), the metabolic syndrome or cardiovascular risk and those that do were focussed on regular meal frequency showing conflicting results; Sierra-Johnson et al. 5 found in a group of 60-year-old men and women in Sweden that eating meals regularly is inversely associated with the metabolic syndrome, insulin resistance and serum concentrations of γ-transferase. Shin et al. 6 reported that consuming a variable number of meals per day was not associated with the metabolic syndrome compared with regularly eating three times a day. These observational studies assessed irregularity of meal frequency by questionnaire rather than using detailed data from dietary assessment to investigate the impact of intake that differs from day to day.
Evidence from intervention trials is scarcer but that available showed beneficial effects of eating regular meals on cardiometabolic risk factors. Farshchi et al. investigated the effect of a regular versus irregular meal pattern on dietary thermogenesis, insulin sensitivity and fasting lipid profiles in lean 7 and obese women 8 in randomized controlled intervention studies. The irregular meal pattern had deleterious effects on insulin sensitivity and plasma cholesterol, which are known risk factors for CVD. 8 More research has been conducted on other aspects of chronobiological eating behaviour, such as the timing of eating occasions, which refers to the actual clock time. A recent study by Almoosawi et al. 9 has shown that the timing of energy and nutrient intake has shifted slightly over 17 years in the MRC (Medical Research Council) NSHD (National Survey of Health and Development), also known as the 1946 British Birth Cohort, with a greater proportion of intake later in the day in more recent years. metabolic syndrome 10 as well as diabetes in this cohort. 11 We aimed to study the irregular consumption of energy intake in and between meals in relation to cardiometabolic disease risk using detailed dietary data from NSHD.
SUBJECTS AND METHODS

Study members
The NSHD is a longitudinal study based on a social class-stratified sample of 5632 singleton births occurring within marriage in England, Scotland and Wales during 1 week in March 1946. 12, 13 Data have been collected in this cohort on more than 20 occasions across the life course; adult dietary data were collected when participants were aged 36 (1982) , 43 (1989) , 53 (1999) and 60-64 years (2006) (2007) (2008) (2009) (2010) (2011) . For these analyses, dietary data when cohort members were 53 years of age were included as at this time point data were available for both dietary intake and metabolic syndrome characteristics in a relatively large sample (n = 1768).
This study was conducted according to the guidelines laid down in the Declaration of Helsinki and all procedures involving human subjects were approved by the North Thames Multicentre Research Ethics Committee at age 53 years. Written informed consent was obtained from all subjects.
Dietary assessment and non-dietary variables
Dietary data were collected by research nurses providing food diaries during home visits to be completed over 5 consecutive days.
14 All food and drinks consumed both at home and away were recorded using household measures, and portion sizes were estimated using detailed guidance notes and photographs provided at the beginning of the diary. 14 Cohort members were asked to complete the diet diary in the days following the home visit and encouraged to complete 3 weekdays and 2 weekend days. Diet diaries were prestructured and contained the following predefined meal slots: first thing, breakfast, mid-morning, lunch, tea, evening meal, late evening and extras. The meal slots for first thing, mid-morning, tea, late evening and extras were collapsed into one meal slot for 'between meals'. Diaries were coded at the Dunn Nutrition Unit in Cambridge by a team with extensive experience in coding and analyzing dietary data using the program Diet In Data Out, 15 a dietary assessment system developed in-house and incorporating McCance and Widdowson's 'The composition of foods' 4th edition, 16 and its supplements. 17, 18 Only those diet diaries with 4 or more recording days were included in these analyses.
Information on demographic and socioeconomic variables at age 53 years, including sex, socioeconomic status (SES: no job, professional, intermediate, skilled non-manual, skilled manual, partly skilled, unskilled, armed forces), marital status (married, single, divorced/widowed/ separated), physical activity (categories: none, 1-4 times per month, 5 or more times per month of sports or recreational activity) and smoking (current, ex-smoker, never smoker) were obtained through structured questionnaires. 12 Calculating scores for irregularity of meals based on variability in energy intake
To calculate a score for meal irregularity, energy intakes variance per meal were used as a proxy. To calculate the irregularity scores per predefined meal, the absolute difference of the individual energy intake from the 5-day mean energy intake of that predefined meal was divided by the 5-day mean energy intake of that predefined meal slot, multiplied by 100 and then averaged over the 5 days; this served as a measure of irregularity of energy intake for that predefined meal, with a low score indicating a more regular meal pattern of energy intake and a higher score indicating more irregularity of energy intake. This was done for each predefined meal (breakfast, lunch, evening meal and between meals) as well as for the daily total. The daily total meal irregularity score of energy intake was based on the deviation from total daily individual energy intake compared with the 5-day mean total daily energy intake calculated the same way as described above.
The analyses were performed for intake of energy in kcal. The daily total energy intake was also expressed as the percentage of estimated energy requirements (EAR) for which a population approach was used: for men, the current EAR is 2605 kcal per day and for women 2079 kcal per day for an average BMI of 22.5 kg m − 2 and an average physical activity level of 1.63 (ref. 19) as the measure of physical activity levels collected at age 53 years was not precise enough to use individual levels.
Cardiometabolic risk factors
Measures at age 53 years were taken during a home visit by a team of trained research nurses and included the following: height, weight, waist circumference and blood pressure (BP) measured according to standard protocols. A nonfasting venous blood sample was taken from which high density lipoprotein (HDL) cholesterol, triglycerides and HbA1c were measured. 12 The definition of the metabolic syndrome and its components were based on a modified version of the ATP-III (Adult Treatment Panel III) definition of the metabolic syndrome. 20 This was met when ⩾ 3 of the following criteria were present: waist circumference ⩾ 102 cm in men and ⩾ 88 cm in women; HDL cholesterol o1.036 mmol l − 1 (40 mg dl − 1 ) in men and o 1.295 mmol l − 1 (50 mg dl − 1 ) in women or specific treatment for this lipid abnormality; triglycerides ⩾ 1.7 mmol l − 1 (150 mg dl − 1 ) in men and women or specific treatment for this lipid abnormality; systolic BP ⩾ 130 mm Hg or diastolic BP ⩾ 85 mm Hg in men and women or use of antihypertensive medication; and Hb1Ac level in the top gender-specific quarter of the distribution (>5.8% among men and women) or use of medication for diabetes. The latter was a modification of the ATP-III criteria as fasting blood glucose was not available for this population at that time. Data for the metabolic syndrome were missing for 366 individuals and this was mainly due to missing data for HDL cholesterol (n = 361). BMI is, strictly speaking, not a component of the metabolic syndrome under this definition, but was also included as outcome in this study.
Statistical analyses
Characteristics of those with a more irregular daily energy intake were compared with those with a more regular daily energy intake, which was based on tertiles of the total daily regularity score of energy intake; to compare continuous characteristics across tertiles, analysis of variance (ANOVA) was used and a Χ 2 test was used for categorical data. The main outcome of this study was the risk of having the metabolic syndrome. Therefore, tertiles of irregularity scores of energy intake were entered into binary logistic regression models that calculated odds ratios (ORs) and 95% confidence intervals (CIs) for having the metabolic syndrome or one of the ATP-III metabolic syndrome components or BMI; this was done for each meal as well as for the daily total irregularity score of energy intake. All models were adjusted for sex, SES, marital status, physical activity and smoking as confounding variables (model 1). A second model was run further adjusting for energy intakes during the other meals, and daily total irregularity scores of energy intake were adjusted for EAR to overcome the possible effects of regular overconsumption of energy; for this, energy intake from all other meals were used but the one in the model to avoid possible overadjustment in the model (that is, the model for irregularity score for breakfast was adjusted for energy intake from lunch, evening meal and between meals). Effect modification by sex was evaluated by testing the coefficient of the interaction term. To test for linear trends across tertiles, each individual was assigned the median intake scores of their respective tertile and the resulting variable was fitted as a continuous variable in the model. The continuous components of the metabolic syndrome, waist circumference, BP (systolic and diastolic), HDL cholesterol, triglycerides and BMI were further explored using multiple linear regression models adjusting for the same covariates as above.
To assess the possible impact of under-or over-reporting of energy intake sensitivity analyses were included categorizing cohort members as under-reporters or over-reporters based on the methods described by McCrory and using 2 s.d. as cutoff points (thus as lower limit 59% and upper limit 141%) 21 and repeating the logistic regression models for plausible reporters only.
Data analysis was carried out using SPSS for MS Windows 20.0 (SPSS Inc., Chicago, IL, USA) and a P-value of o0.05 was considered statistically significant.
RESULTS
Describing the sample Cohort members with a more irregular total daily pattern of energy intake had a higher waist circumference and BMI (P for trend o 0.05) and reported lower intakes of energy, carbohydrate and protein (only for g per day), and higher intakes of fat (only for g per day) and alcohol (Table 1) . Irregularity score of energy intake ranged from 0 to 160 for breakfast, lunch, evening meal and between meals, and from 0 to 79 for the daily total irregularity score of energy intake. The percentage of plausible reporters was 83% of all cohort members and was lowest for those with a more irregular intake of energy (T3: 74%) compared with those with a more regular intake of energy (T1: 87%).
Cohort members with a more irregular daily pattern of energy intake consumed less energy during breakfast, lunch and during the evening meal compared with those with a more regular daily pattern (P trend o 0.05). Other characteristics, such as the ratio men to women, SES and smoking were similar across tertiles of daily total irregularity scores of energy intake except for marital status and physical activity: the highest number of married cohort members were in the second tertile and cohort members tended to be more physically active with higher irregular scores of energy intake (P for trend o0.05).
Cohort members with a higher daily total irregularity score of energy intake also tended to have higher irregularity scores of energy intake for individual meals and the highest irregularity scores of energy intake were found for between meals (Table 2 ).
Cardiometabolic risk factors
No effect modification by sex was observed and therefore results were presented for men and women combined (Table 3) .
More irregular intake of energy at breakfast was associated with a higher risk of the metabolic syndrome (model 1: OR for top versus bottom tertile = 1.34 (0.99, 1.81); P-value for trend across three groups = 0.04), as was an irregular intake of energy between meals (model 1: OR = 1.36 (1.01, 1.85); P for trend = 0.04). These associations were somewhat stronger after further adjustment for energy intake at other meals; for breakfast the OR was 1.38 (95% CI = 1.01, 1.87; P for trend = 0.03) and for between meals 1.38 (95% CI = 1.01, 1.86; P for trend = 0.04).
Increased waist circumference was associated with a more irregular intake of energy at breakfast (model 1: OR = 1.90 (1.47, 2.45); P for trend o 0.01), at evening meals (model 1: OR = 1.36 (1.06, 1.75); P for trend o 0.01) as well as for the daily total (model 1: OR = 1.34 (1.04, 1.72); P for trend = 0.01). These associations were similar or stronger after adjustment for energy intake at other meals or total energy intake (Table 3, model 2) .
For BMI, similar observations were made: increased BMI was associated with a more irregular intake of energy at breakfast (model 1: OR = 1.46 (1.14, 1.87); P for trend o 0.01), evening meal (model 1: OR = 1.62 (1.27, 2.06); P for trend o 0.001), between meals (model 1: 1.35 (1.06, 1.72); P for trend = 0.01) and daily total (model 1: OR = 1.45 (1.14, 1.85); P for trend o0.01).
For systolic and diastolic BP, HDL cholesterol and plasma triglycerides, no statistical significant associations were observed.
Sensitivity analyses including only plausible reporters of energy intake (n = 1441, 83%) showed similar results though results were somewhat attenuated, for example cohort members with irregular HDL cholesterol, n = 1408 (T1, n = 485; T2, n = 461; T3, n = 462). b Triglycerides, n = 1514 (T1, n = 509; T2, n = 503; T3, n = 502). intake of energy during breakfast appeared to have a higher risk of the metabolic syndrome (model 1: OR = 1.45 (1.02, 2.06)).
Secondary outcomes
The continuous components of the metabolic syndrome were further explored using linear regression models. As no effect modification by sex was observed, results are presented for men and women combined (Table 4) . Cohort members with a more irregular energy intake during all mealtimes had higher waist circumferences (Table 4 ; model 0). After adjusting for sex, physical activity, SES, marital status and smoking, this finding remained statistically significant for all meals except for lunch (Table 4 ; model 1); similar results were seen after further adjustment for energy intakes during the other meals or EAR (Table 4 ; model 2).
Cohort members with a more irregular energy intake during breakfast, evening meal, between meals and daily total, had higher BMIs (Table 4 ; model 0). This remained after adjusting for sex, physical activity, s.e.s., marital status and smoking (Table 4 ; model 1) as well as after further adjustment for energy intakes during the other meals (Table 4 ; model 2).
No statistical significant associations were observed for meal regularity of energy intake at the different meals and systolic BP, diastolic BP and HDL cholesterol in adjusted models, although the unadjusted model for regularity of energy intake during breakfast was statistically significantly associated with systolic and diastolic BP as well as HDL cholesterol (Table 4 , model 0).
Cohort members with a more irregular energy intake at breakfast had higher plasma triglycerides in adjusted models.
DISCUSSION
This innovative study investigating meal irregularity of energy intake derived from detailed dietary information showed that having a more irregular energy intake at breakfast as well as between meals was associated with a higher risk of the metabolic syndrome. Moreover, a more irregular energy intake at breakfast, as well as between meals, was associated with a higher waist circumference and BMI.
To the best of our knowledge, this is the first study investigating meal irregularity using variability in energy intake during meals as a proxy for irregularity. Previous studies investigated another aspect of regularity, namely regular meal frequency and showed beneficial effects of regular meals on cardiometabolic risk factors and BMI in both observational studies; 5, 22 and intervention trials. 7, 8 The studies of Farshshi et al. showed that irregular meal consumption resulted in greater insulin resistance and higher fasting lipid profiles of total and LDL cholesterol in lean women 7 and these effects appeared to be more pronounced in obese women. 8 The suggested underlying biological mechanism for these beneficial effects of meal regularity on cardiometabolic risk factors could be related to de-synchronisation of circadian rhythms that are found in cardiovascular function, glucose metabolism and the gastrointestinal tract. 23, 24 Regulating and keeping the number of meals per day constant could minimize fluctuations in insulin concentration and plasma glucose. As a considerable drop in glucose can induce hunger, a more regular eating regime could potentially reduce this effect. It may also be that more regular eating can induce more stable and constant plasma levels of intestinal satiety hormones, such as glucagonlike-peptide-1, cholecystokinin and peptide YY. 24 In this study, meal irregularity of energy intake was associated with BMI and waist circumference, and these could potentially be mediating factors between meal regularity and cardiometabolic disease risk. However, more research is needed to elucidate the exact underlying mechanisms of the results seen in this study.
Despite the possible beneficial effects of regular meal consumption, regular overconsumption of energy could be a potential risk factor for overweight, obesity and other cardiometabolic risk factors. Therefore, we also adjusted our analyses for energy requirements in an additional model (model 2). It should be noted that we could only use this approach for the daily total energy regularity score since currently there are no specific energy requirements for individuals' mealtimes. Analyses on the associations between the irregularity scores of energy intake per meal were further adjusted for energy intake during the other meals in an additional model (model 2), which showed similar or stronger associations compared with model 1.
Another aspect to take into consideration is the fact that overweight or obese people tend to under-report their dietary intake more than people with a normal weight. 25 We did find that the percentage of plausible reporters of energy intake was somewhat lower for cohort members who reported a more irregular energy intake. However, our sensitivity analysis including only plausible reporters found that results of the logistic regression analyses were similar though somewhat attenuated suggesting under-reporting may have slightly biased our findings.
A challenge of studying meal patterns in general is that different definitions for a meal are used in different studies that make it less than straightforward to compare different studies on meal patterns. In the diet diaries used in NSHD, mealtimes were prestructured in eight meal slots which were then consolidated into four (breakfast, lunch, evening meal and between meals). Cohort members were asked to fill in their dietary intake accordingly. Thus for data analysis in this paper we were reliant on these specific predefined and subjective meals descriptors. The benefit of this is that these were the same for all cohort members. However, it could be speculated that having predefined meal slots could be difficult for some specific subgroups of the population, like shift workers, who may follow a different pattern of meals over the day; this mode of working is associated with a greater risk for obesity and cardiovascular disease. 26 Unfortunately data on shift workers were not available.
Other studies on specific meal patterns have mostly been focussed on breakfast consumption showing that patterns of breakfast consumption are associated with health consequences. 27, 28 In this study, it was observed that higher irregularity of energy intake at one meal slot was correlated higher irregularity of energy intake at another time slot or daily total irregularity scores of energy intake suggesting that meal irregularity was not predominant for one meal specifically but that meal irregularity of energy intake at specific meals could have different metabolic consequences as most predominant associations were found for breakfast and between meals.
A limitation of this study was the missing data for the metabolic syndrome, mainly due to missing data of HDL cholesterol levels as well as nonfasting blood samples which were used to measure serum triglycerides; though some studies indicate that nonfasting blood samples may still be an indicator of cardiovascular disease risk. 29, 30 A sensitivity analysis comparing those with missing data to the total population showed similar dietary intakes of energy, macronutrients and alcohol (data not shown), however, those with missing data for the metabolic syndrome seemed to have a higher BMI and waist circumference, smoked a little more and were somewhat less physically active. This may have led to some regression dilution bias. 31 On a general note, given the multiple tests there was the potential for false positive findings; however, if corrected for multiple testing and thus reducing the false positive error rate, the false negative error rate would increase which could lead to missing possible important findings. 32 In addition, correction for multiple testing is usually required when a large number of independent statistical tests is performed and it could be argued that in this study, meal irregularity of the different meal slots are correlated, as it was observed that cohort members who had an irregular daily total energy intake also seemed to have more irregular energy intake during breakfast, lunch, evening meal and between meals.
A major strength of this study is the use of detailed dietary data in a substantial number of subjects and to our knowledge this is the first investigation of meal irregularity using such data in relation to cardiometabolic risk factors. Dietary intakes were assessed using 5-day estimated diet diaries, which have taken over from the now rarely performed weighed assessments as the gold standard for dietary assessment, 33 since they provide similar energy intakes. 34 As the data were derived from a birth cohort, all cohort members were of the same age and age was therefore not a confounding variable. Nevertheless, the use of a cohort of one age does impact on the generalizability to other populations and therefore more research on regularity of meal patterns in other age groups and/or populations would be desirable. Notably, although this sample has its limitations in terms of generalizability, their dietary intakes were comparable with other national UK populations, like those of similar age in the National Diet and Nutrition Survey. 35, 36 Providing unique insights into associations between meal irregularity of energy intake and cardiometabolic risk factors, the results of this research could potentially be translated into practical public health messages, which are especially relevant as the obesity epidemic continues. Regularity of meals has been implied as a successful factor in weight loss strategies. 37 However, dietary behaviour is complex and encompasses numerous characteristics. 38 Thus more research, combining more elements of chronobiology and dietary behaviour is warranted.
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